Collective spin excitations in quantum Hall systems are studied via inelastic light scattering. In the fractional quantum Hall effect regime, composite fermion spin excitations are observed in the range 1/3< ν <2/5. They reveal a transition from free to strongly interacting composite fermions. At ν=1, a shift of the spin-wave energy at finite wavevector from the bare Zeeman energy is observed. It allows us to evaluate the spin-stiffness of the quantum Hall ferromagnet.
Introduction
Two dimensional electron systems (2DES) under strong perpendicular magnetic field display a wide variety of correlated phases that result from the strong impact of Coulomb interaction between the electrons when the kinetic energy of the 2DES is quenched by Landau quantization. Indeed, the strength of the Coulomb interaction is a crucial parameter in determining such properties of the 2DES as the spin polarization or the excitation gap of the various electron liquids that display integer and fractional quantum Hall effects 1, 2 . The description of quantum Hall phases sometimes requires the introduction of new quasiparticles that differs significantly from the electron. An example is the composite fermion (CF) 3 that has been quite successful at describing the sequence of incompressible fractional quantum Hall liquids.
While significant properties of the electron liquids are accessed via magnetotransport measurements, there is a need to study directly the spectrum of low energy collective excitations. Inelastic light scattering provides insights into the spectrum of low energy charge and spin excitations of the 2DES under perpendicular magnetic field and is thus a valuable tool to study correlated electron phases in these systems.
In this article we consider some recent inelastic light scattering results by collective spin excitations in the regimes of the integer and fractional quantum Hall effects. After an introductory section on collective excitations in quantum Hall systems and their observation in light scattering, we turn our attention to the study of composite fermion (CF) spin excitations. A transition between "free" and strongly interacting CF regimes is observed away from the filling factor ν=1/3. The transition could result in the condensation of CFs into higher order fractional quantum Hall liquids. In the last part we report new data on the spin excitation spectrum at ν=1. From the spin-wave spectrum, we are able to extract the spin stiffness of the ν=1 quantum Hall ferromagnet.
Experiment
The inelastic light scattering measurements reported here were performed on a high quality GaAs single quantum well (SQW) of width 330Å. The electron density is n = 5.5x10 10 cm −2 and its low temperature mobility is µ=7.2x10 6 cm 2 /V s. The sample was mounted on the cold finger of a 3 He/ 4 He dilution refrigerator with windows for optical access that is inserted in the cold bore of a superconducting magnet. Cold finger temperatures can reach as low as T=23 mK. The back scattering geometry was used at an angle θ with the normal of the sample surface as shown in the inset to Fig.2 . The magnetic field perpendicular to the sample is B = B T cosθ and B T is the total field. The results reported here have been obtained with θ=50 o ±2. In back scattering geometry the wavevector transferred from the photon to the 
charge modes spin modes to enhance the light scattering cross-section. The power density was kept below 10 −5 W/cm 2 to prevent heating of the electron gas. The scattered signal was dispersed by a triple grating spectrometer working in additive mode and analyzed by a CCD camera with 26 µm wide pixels. With a slit width of 30 µm, the combined resolution of the system is about 0.025 meV.
Collective excitations of electron liquids
Electronic phases such as the fractional quantum Hall (FQH) liquids or the remarkable superfluid state that occurs in bilayer systems, display excitations spectra that are characteristic of the built-in correlations of many-body wave-functions. While collective, the spin and charge excitations can be built form a basis of quasiparticle -quasihole pairs (or "excitons") whose spatial separation is proportional to the wavevector of the excitation 4,5 (see also Fig.1 , top panel). Inelastic light scattering has proven to be an unique tool to study both the spin and charge excitation spectra because its cross-section is linked to the dynamical structure factor S(q,ω) of the electron liquid. Because of the smallness of the photon wavevector, wavevector allowed excitations probed by light scattering occur at
Magnetic field dependance of light scattering by the long wavelength gap mode ∆ q→0 or ∆ 0 around ν=1/3. The broader peak at lower energy has been assigned to the spin-wave excitations at large wavevector (q →∞) located at E * z (see fig.1 , bottom panel). Insets show the scattering configuration and the magnetic field dependance of the intensity of ∆ 0 .
relatively small wavevectors (in units of the inverse magnetic length l 0 ). Figure 1 (bottom panel) displays typical wavevector dispersions of the low lying charge and spin excitations of FQH states 6, 4, 5 . The modes at large wave vectors (q → ∞) can be thought as pairs of quasiparticle -quasihole at large separation and are traditionally associated with the activation gaps deduced from magneto-transport experiments.
At long wavelengths (or q → 0) the spin-wave mode is at the bare Zeeman energy (E z ), while at large wavevectors it is shifted by the exchange Coulomb energy required to reverse spin orientation. The incompressible nature of FQH liquids is embodied in the fact that the charge excitation spectrum is gapped.
The correlation between the long wavelength mode and the incompressibility of the FQH liquids at ν=1/3 is illustrated in Fig.2 . Figure 2 displays the magnetic field dependence of the long wavelength mode ∆ q→0 around ν=1/3 as observed by inelastic light scattering. The peak is relatively sharp (∼0.05 meV), as expected for a wavevector conserved excitation (here: ql 0 =0.11). The mode is only observed in a narrow magnetic field region around ν=1/3 (∆B∼0.2 T) and offers direct evidence of the formation of an incompressible liquid on a macroscopic scale a . We note that, due to breakdown of wavevector conservation, critical points of the dispersion at ν=1/3 such as the roton mode (∆ R ) and the large wavevector mode (∆ ∞ ) are also observed in the light scattering spectra 8,9 .
Composite Fermion Spin Excitations
In the composite fermion (CF) picture of the fractional quantum Hall (FQH) effect, fundamental interactions are taken into account at the mean field level by mapping the system of strongly interacting electrons in a perpendicular magnetic field into a a system of composite fermions (CF) moving in a reduced effective magnetic field 3 . The effective magnetic field experienced by CF quasiparticles is B * =B − B 1 φ , where φ is an even integer that labels different sequences of incompressible states and B 1 φ is the magnetic field corresponding to the filling factor ν= 1 φ . The reduction in magnetic field follows from the binding of φ flux quanta to electrons in CF. The main sequence of FQH states are at Landau level filling factor ν=p/(φp±1), where p is the CF filling factor. Each FQH sequence is then centered around an evendenominator fraction, ν = 1/φ, where the effective field cancels and a compressible Fermi liquid is thought to form 10 . In the CF framework, the complex strongly interacting many-body physics is transformed into the simple picture of non-interacting CF at filling factors p. The sequence of lowest spin-split CF Landau levels is shown in Fig.3 Landau level number and orientation of spin change simultaneously 11 . At filling factors away from ν=1/3, the lowest lying SF excitations probe the level structure because the transitions in these excitations emanate from the partially populated CF level as shown in Fig.3 12,13 . SF excitations can be observed at fractional values of p. Experiments that probe lowest lying SF modes are thus powerful tools in studies of CF interactions at filling factors away from the major FQH states. Figure 4 shows that two low-lying spin excitations are observed. In addition to the SF mentioned above, there is the long wavelength spin-wave excitation (SW) in which only spin orientation changes (δS z =±1). By virtue of the Larmor theorem, at long wavelengths the SW is at the bare Zeeman energy E z ∼ gµ B B T (see Fig.1 ), where µ B is the Bohr magneton and g is the Landé factor of GaAs (g=-0.44). On the other hand the lineshapes and energies of SF excitations incorporate quasiparticle interactions that offer probes of composite fermion physics 11, 12, 13, 14, 15 . Figure 4 (left panel) displays the evolution of the spectra of SF and SW modes for
The spin excitation spectrum in quantum Hall systems: insights from light scattering experiments 7 ν >1/3. It is immediately apparent from these spectra that the SF mode lineshape varies considerably as the CF Landau level |1, ↑ is populating. Reasonably good fits to the spectra were obtained by using two gaussian functions (see Fig.4 ). The linewidth γ and the integrated intensity of the SF mode that are obtained by this analysis are shown in Fig.4 (right panel) . They are plotted as a function of the partial CF Landau level filling factor p * defined as p * =1-p. Two distinct regimes are revealed. At low p * , the integrated intensity grows linearly with p * and the linewidth remains constant around 0.06 meV±0.01. These features are consistent with a picture of "free", or weakly interacting, CFs where the CF Landau level is sharp and is gradually filling up with CF quasiparticles. For p * >0.2, however, the saturation of the integrated intensity seems to indicate the onset of a breakdown of the 'free' CF picture.
The observed p * -dependence of the SF linewidth is consistent with the scenario of an onset of a regime dominated by CF interactions for p * >0.2. The linewidth of the SF light scattering peak, shown in in Fig.4 , increases when p * >0.2 to up to 0.1 meV for p * =0.55. The enhanced SF linewidth could be regarded as a key manifestation of the onset of CF interactions 15 . In this regime the strong impact of CF interactions could lead to higher order FHQ liquids like the one observed at ν=4/11 (or p * =1/3) in magneto-transport by Pan et al. 16 . Several theoretical studies have already pointed out the key role of residual CF interactions in explaining these new phases 17, 18, 19, 20 5. Ferromagnetic spin-wave at ν=1
In the regime of the integer quantum Hall (IQH) effect where an odd number of Landau levels is occupied, the strongly correlated electron gas display spontaneous magnetic order. At ν=1, the ground state can be regarded as an itinerant ferromagnet, a quantum Hall ferromagnet, whose exact wave function is known. The simplest excitation out of the ground state are neutral ferromagnetic spin-waves whose dispersion is depicted in Fig.1 (bottom) . Starting at the bare Zeeman energy, the spin-wave energy grows quadratically with wavevector and saturates to the sum of the Zeeman energy and the exchange energy for large wavevectors. This exchange enhanced "gap" (E * z ) at large wavevectors has been studied extensively in activated magneto-transport studies 21, 22 and some results have been interpreted as evidence for the presence of low-energy skyrmion-antiskyrmion excitations 23, 24, 25 . Up to now the dispersion at low wavevectors has not been addressed experimentally. This is significant since at low wavevectors the dispersion of the spin-wave is linked to the spin-stiffness ρ s of the quantum Hall ferromagnet:
2 in units of the Coulomb energy (e 2 /ǫl 0 ). Because the spinstiffness of the quantum Hall ferromagnet at ν=1 is predicted to be rather large 4,5b , b Evaluations of the spin-stiffness ρs (in the limit of zero-thickness) give a value at ν=1 that is factor of 25 larger than the one at ν=1/3 26 significant deviation from the bare Zeeman energy can be expected even at the low wavevector transfer of light scattering experiments. This is demonstrated in Fig.5 where the ferromagnetic spin-wave is shown to be blue-shifted from the bare Zeeman energy at ν=1, while at fractional filling factors (i.e. higher magnetic fields) it is located, within experimental accuracy, at the bare Zeeman energy (see inset of Fig.5 ). Assuming a quadratic dispersion and using the wavevector transferred in the given scattering geometry (here ql 0 =0.19), the deviation provides a direct determination of the spin-stiffness ρ s of the quantum Hall ferromagnet. The observed shift yields a spin-stiffness of 8.4(±0.8)x10 −3 (e 2 /ǫl 0 ). This value is about a factor of 3 smaller than the one calculated for zero-thickness ? . We note that finite-thickness effects are expected to reduce the spin-stiffness by as much as a factor of 2 27 . Landau level mixing is also expected to lead to further reduction of the spin-stiffness, especially in relatively dilute samples 28 . On the other hand contrary to activation studies, we expect our evaluation to be essentially independent of the disorder broadening of the levels. Further studies as a function of scattering angle should enable a mapping of the spin-wave dispersion at low wavevectors and allow a more precise determination of the spin-stiffness.
Conclusion
Inelastic light scattering is a unique tool to study the spin excitation spectrum of quantum Hall systems. Experiments in the fractional quantum Hall regime reveal a regime where composite fermion are strongly interacting, possibly leading to condensation into higher order fractions not accounted in the weakly interacting or "free" composite fermion theory. At ν=1 light scattering allows access to the spinwave dispersion at low wavevector. The spin-wave stiffness is found to be reduced by a factor of 3 compared to the theoretical value for zero thickness.
